Arsenic and mercury are among the metals and metalloids more toxic to the ecosystem. A quantification method by atomic absorption spectroscopy with hydride generator (AAS-HG) to determine total As and cold steam to determine Hg was optimized and validated in various matrices: superficial water, interstitial or pore water, sediments and in gill, liver and muscle of two fish species, a silverside (Basilichthys microlepidotus) and a catfish (Trichomycterus areolatus). The quality of the results was tested using certified reference materials (Water: ERM-CA615; Fish: DOLT-4; Sediment: BCR-320R). Samples were collected in the affluent and effluent of five reservoirs: Cogotí (31º00'S, 71º05'W); Corrales (31º54ºS, 70º54'W); La Paloma (30º44'S, 71º00'W); Rapel (34º08'S, 71º29'O); Recoleta (30º28'S, 71º06'W). ), in two campaigns during high flow (winter 2010) and low flow (summer 2011).
INTRODUCTION
Metal water analysis has been demonstrated to be inefficient at identifying metal inputs to fluvial systems because of the inherent variability of flow and contaminant concentrations. However, sediment has been considered as the largest reservoir of metal in aquatic systems 1, 2 . Sediment may be a good indicator of the global status of the fresh water system to evaluate the relationship between ecological status, pollutant concentrations and pore water and sediment eco-toxicity 3 . Sediments have been found to be a reservoir of most metals released into rivers; some elements may be recovered through biological and chemical reactions in the water column and thus be included in the aquatic trophic web 4 . Re-suspension of sediments may cause release of trace elements back into the water column, posing as potential threat to the ecosystem 5 . Although some metals can be considered essential elements for living organisms, even those can become toxic when environmental concentrations are increased 6 . The presence of metals in the environment may have a natural or anthropogenic origin. Among the anthropogenic sources wastewater, discharges, agricultural runoff, air pollutants, deposition and specific environmental accidents are the most important 1, 2, 7 . In aquatic systems metals are distributed as colloidal species which are water soluble, and as materials in suspension and in sediments. Metal concentrations in sediments and in river waters can be easily altered by deposition and remobilization processes. Heavy metals have a propensity to adsorb from aqueous phases to fine suspended particles and are transported along the water course, where they can pose a health risk to benthic organisms if toxic levels are reached, resulting in lower taxonomic diversity, lower reproduction rate, reduced growth or even death 8, 9 . According to Filgueiras, 10 not even 1% of the pollutants released in water remain in the aqueous phase; the rest are deposited in sediments. Since sediment is an important sink for heavy metals that contaminate the water and acts as a habitat and important food source for aquatic biota, its quality provides essential information to assess the pollution status of aquatic ecosystem, as it reflects the long term status 8 . Mercury and arsenic discharged into the aquatic environment can damage aquatic species, ecosystems and consumers due to their toxicity and cumulative behavior 11 . Once released into the environment, metals can be present in soils, sediments and waters, due to their persistence and possible bioaccumulation in biota 1 . Elevated concentrations of certain metals in fish, such mercury and arsenic, are of public concern because of the well-documented health risks associated with consuming fish with high metal burdens (Canadian Food Inspection agency (CFIA) 12 . Arsenic is one of the most important metalloids in the environment due to its known toxicity and its association with several types of cancer 13, 14 . The abundance of As in our planet is on the order of 1.5 to 3 x 10 4 mg•Kg -1 15 .
Soils in the northern as well as in the central area of Chile exhibit high arsenic content, which is mainly associated with copper deposits. An important arsenic source in central Chile has been the copper mining processes 16, 17 . Mercury is of particular concern because of its documented toxicity, persistence in the in the aquatic environment, high potential for bioaccumulation in the aquatic food web and ability to biomagnify with increasing trophic levels 18 . The impact arises from the wide variety of sources (anthropogenic and natural). Artisanal and small-scale gold mining (ASGM) is the sector with largest demand for mercury 19 , and therefore one of the major sources of Hg input to the environment 20 . The estimated annual mercury emission from ASGM is approximately 800-1000 tons, of which approximately 50% comes from Latin American operations including Chile 21 . Mercury and arsenic accumulate in organisms at the bottom of the aquatic food chain and are biomagnified up the food chain, reaching the highest concentrations in top predator fish. It is generally accepted that consumption of fish and seafood is one of the major sources of exposure to mercury and arsenic for humans 22, 23 , hence it is important to investigate the levels of mercury and arsenic in fish to assess whether the concentration of mercury and arsenic is within the permissible limits and will not pose a hazard for human consumption.
Given the great importance of hydrology, alterations in the flow of rivers caused by humans have serious consequences 24 ; there is increasing recognition that anthropogenic changes in rivers such as construction of dams, river diversions and channel modifications have significant long-term consequences for water supply, water quality, aquatic ecosystems and sediment budgets 25, 26 . One of the most dramatic and widespread impacts of humans on the natural environment are dams 27 . It has been estimated that in the world there are presently around 45,000 dams with water column depth of more than 15 meters 28 .
Considering that there are dams in a number of rivers in Chile producing disruption of free water flow, and that mineral salts may accumulate in the zone of the dam 29 , in this study we examine the content of As and Hg in components of the water system; water, sediments and fishes in the affluent and effluent of five reservoirs, Cogotí (1939), Recoleta (1934), Corrales (2001), La Paloma (1959 -1966) and Rapel (1968) , selected according to their date of construction, which is given in the parentheses.
The aims of this study were: i) Optimize and validate the methodology to determine total As and Hg in fresh water systems. ii) Study the influence of two zones (affluent and effluent) of five reservoirs in the content of As and Hg, in superficial water, interstitial water, sediment and different tissues of two fish species selected as models; the benthic catfish (Trichomycterus areolatus) and the pelagic silverside (Basilichthys microlepidotus), during high flow (winter 2010) and low flow (summer 2011). iii) Assess whether concentrations of As and Hg present a risk to the use of water from reservoirs for irrigation, if the sediment is a source of contamination for biota and whether fish species present a risk for human consumption.
MATERIALS AND METHODS

Experimental design
A series of experiments were performed to optimize the analysis conditions for each matrix using a minimum number of experiments. Each design was performed using the Statgraphics Centurion XV software. A fractionated mixed level experimental design (3•2 ) was performed with 3 centers with a total of 15 experiments.
Five variables were considered in the design for arsenic: %w/v KI, %w/v ascorbic acid, %w/v NaBH 4 , %v/v HCl and Flow Ratio (Sample/Reagent (2 mL).
Five variables were considered in the design for mercury: mL of concentrated H 2 SO 4 , µL KMnO 4 5% w/v, % w/v SnCl 2 , % v/v HCl mL and Flow Ratio (Sample/Reagent (2 mL)).
Selection of reservoirs and sampling sites
Five reservoirs with different uses and date of construction were selected: Cogotí (31º00'S, 71º05'W); Corrales (31º54ºS, 70º54'W); La Paloma (30º44'S, 71º00'W); Rapel (34º08'S, 71º29'O) and Recoleta (30º28'S, 71º06'W). Superficial water of these reservoirs was sampled during two seasons, winter 2010 and summer 2011, along with interstitial water, sediments and two species of fish, the benthic catfish (Trichomycterus areolatus) and the pelagic silverside (Basilichthys microlepidotus). Three sampling sites were selected in each reservoir in the effluent (above the dam) and three sites in the effluent (below the dam). All coordinates were recorded using a GPS system.
2 Sampling
Sediment sampling was performed according to sediment protocol 30 . Water sampling was performed according to the procedure of NCh 411/6 Of. 98
31
. Fish sampling was performed using electric fishing, which affects the chosen sampling points as it must be possible to use it. The equipment used was an electrical signal converter SAMUS -725 M of 15 V and maximum power output of 600 volts. Individuals collected were euthanized with tricaine methanosulfonate (MS222) at a concentration of 250 mgL 
3Characterization in situ
Samples of surface water and sediments were measured for pH, EC and Eh using a multiparameter 340i. They were stabilized with Suprapur HCl to pH ≤ 2. Sediment samples were allowed to decant, then the aqueous phase was extracted (interstitial or pore water) by simple filtration with a Munktell paper disc. Once the interstitial water was extracted, the sediment was dried at room temperature. Finally sediments were screened, separating two fractions: 2 mm and 0.063 mm. The interstitial water extracted was stabilized with HCl Suprapur to pH ≤ 2.
In the laboratory the samples of catfish and silverside were dissected, extracting three tissues: gills, liver and muscle. Each part separately was deposited in a 10 mL beaker, and dried in an oven at 40 ± 2 °C to constant mass.
Acid digestion by microwave
Digestion of solid samples (sediments and fish) was performed in microwave equipment MarsXpress 5 equipped with Teflon-coated PFA 55 mL Kevlar tubes with protected sleeves. 250 mg of dry solid sample was poured into microwave tubes; 10 mL of HNO 3 Suprapur Merck was added. They were allowed to stand for 15 min. For the fish samples, the digestion program was : 1600 W power; power percentage 65%; time 15 min.; temperature 200 °C; maintenance 15 min., cool 15 minutes (EPA 3015-A) 32 . For sediment, the digestion program was based on the EPA 3051 method 33, : Power 800 W; power percentage 100%; time 11 min.; temperature 175 °C; maintenance 15 min., cool 15 minutes. Then the digested samples were diluted 10 times in flasks with deionized water Milli.-Q grade, and stored at 4 °C until analysis.
Standard preparation
Optimal solutions according to the experimental design (Table 2 ) were used to prepare arsenic samples. Optimal solutions according to the experimental design (Table 3) were used to prepare samples of mercury. 
Experimental conditions
The reagents specified in Tables 2 and 3 were added to samples of surface and interstitial water, sediment and fish tissues, and then samples were homogenized, diluted to 10 mL and measured immediately. A Shimadzu atomic absorption spectrophotometer A 6800 model with hydride generator HVG -1 was used. As: λ = 193.7 nm and Hg: λ = 250.7 nm.
Determination of total arsenic
For the determination of arsenic the reactions involved are: In the hydride generator:
Eq. 1
Hydride formation:
Eq. 2
Determination of total Hg
For the determination of mercury the reactions involved are: Pre-Oxidation:
Eq. 3
Eq.4
The spectrophotometer records the absorbance of arsenic in the form of arsine (Eq. 2) and mercury vapor in its elemental state (Eq. 4).
RESULTS AND DISCUSSION
Validation of the analytical method
The following parameters were considered to validate the methods used: accuracy, linear range, sensitivity, calibration curves, precision, detection and quantification limits (LOD and LQD). The following table (Table 4) , shows the linear range for determination of As and Hg, as well as the regression coefficients of the respective calibration curves. Calibration curves were showed that the magnitude of the slope changed in the following order: water, sediment and fish for As and Hg. After producing the calibration curves, we proceeded to analyze three certified reference samples (of known concentration) on different days, obtaining the results in %CV shown in Table 4 . As shown in the values of standard deviations from Table 4 , all under 5%, which indicates that the determination of total Hg and As in the various matrices is precise. Accuracy was determined by the recovery rate obtained in the analysis of certified reference samples (water: ERM-CA615; Fish: DOLT-4; Sediments: BCR-320R). The accuracy was evaluated by the percentage of recovery. Recovery for arsenic was: water 97 ± 4.3%; fish 95 ± 6.1% and sediment 109 ± 0.5%. Recovery for mercury was: water 100 ± 6.4%; fish 95 ± 0.1% and sediment 102 ± 5.7%. All percentages of recovery obtained have less than 5% error. All values were in the range 95-110%, so the method has good accuracy.
The limit of detection (LOD) was calculated as three times the average standard deviation of ten blanks and the slope of the analytical curve. For the limit of quantification (LQD), the LOD was multiplied by 10. The LQD of arsenic were 0.15 (µgL . The lowest detection limit was found for Hg in water, while the highest limit was found for As and Hg in fish.
The following tables show the arsenic and mercury concentrations in different matrices. The concentrations of Hg were generally lower than those of As in the same reservoirs and zones. The concentrations found during the low flow season were lower than those of the high flow season; this is because there were much greater flow and dilution effects in the latter. In the summer campaign (low flow), no large variation in arsenic concentrations was observed between reservoirs and zones. Studies of heavy metal concentration in sediments of dams are scarce 34 , thus a better comparison of As and Hg concentration could be with those concentrations found in some rivers. Recent studies in the Ebro River basin (Spain) found that concentration of As in sediments ranged between 0.43-1.15 mg kg -1 while mercury was not detected in the 12 stations along the river 35 , and in the Thigithe River (Tanzania) As concertation was from ˂ DL to 520 mg kg -1 and Hg ranged from ˂ DL to 0.37 mg kg -1 in five sites 36 . Studies in São Francisco River basin (Brazil), found As concentrations ranged between 1.86 to 309 mg kg -1 while the concentration of Hg ranged between 2.04 to 0.036 in Table 6 . Arsenic and mercury concentration in surface water (SW) and interstitial water (IW) (µg L -1 ). Each value is the mean of six replicates; <DL =below detection limit; ‫٭‬ = no samples. 37 . In the Bortala River (China) 38 As concentration ranged from 3.27 to 10.34 mg kg -1 and Hg 0.01 to1.69 mg kg -1 in eight sites studied. The concentration of Hg in the Chilean reservoirs in this study was generally in accordance with the lower limits of the rivers mentioned above, while the concentration of As was relatively similar to those found in the Ebro river basin; however, values were very different and lower than in some sites of the other rivers, probably due to a strong anthropic source in these rivers.
Arsenic and mercury in sediment
As
Arsenic and mercury in water
Comparison of the surface and interstitial water shows that the concentrations of arsenic and mercury found in surface water were lower than the interstitial water this is because the latter is in direct contact with the sediment which is a sink of heavy metals. For As in superficial water there was a wide variation in the concentrations found between reservoirs and zones, and a small increase in the concentrations of As in the low flow campaign. The highest concentration was observed in the effluent of La Paloma during the high and flow season in interstitial water.
During both seasons the concentrations in the effluent decreased in the Rapel and Cogotí reservoirs, while in La Paloma and Recoleta reservoirs this decrease occurred in the tributary. Corrales dam in the winter season showed the same behavior as Cogotí and Rapel, while for the summer season this behavior could not be established due to lack of samples in the tributary. Mercury was in very low concentration and no differences were found between reservoirs, zones or seasons.
There are few studies of the concentration of heavy metals and metalloids in interstitial or pore water, however their determination is very important because the interstitial water is the interface between surface water and sediment, which may indicate a relationship in terms of the mobility of metals from the sediment into the water column and their interaction with the biota 39 . Studies in the Ebro River basin (Spain) 35 found that in the 12 sites studied, As concentrations in pore water ranged between 3.62 to 35.9 µgL -1 , while Hg was found between 0.08 to 1.27 µgL -1 . Concentrations of both As and Hg found in our study are in agreement with these results, especially As, while for Hg concentrations found in the Ebro River were slightly higher .
The concentration of heavy metals and metalloids in the surface water of rivers is mainly due to the movement of water, oxygenation and pH variables that determine the existence of water-soluble species. Recent work in the Yellow River (China) 40 showed that the average of As concentrations ranged from 0.1 to 1.7 μgL -1 and for Hg concentrations ranged from 0.03 to 0.06 μgL -1 in 5 reservoirs sites studied (108 samples), while in the Thigihe River (Tanzania) 36 ; As concentrations ranged from ˂LD to 1.1 μgL -1 and Hg ranged from ˂LD to 0.3 in 5 sites studied. A study in the water of Lake Atitalán (Guatemala) found As of 7.7 to 107.0 μgL -1 and concentrations of Hg ranged between ˂DL to 8.2 μgL -1 in 14 sites 41 . A large number of mines, mainly gold and copper, and a small number of iron and manganese mines are located in the northern Chilean basins. Rivers with more mining activities are expected to have high concentrations of heavy metals. Concentration of As in 12 Chilean rivers studied between the years 1987 to 2008 ranged between 483.6 to 6. 0 μgL -1 and Hg ranged from 281.0 to 3.0 μgL -1 42 . The values found in our study are consistent with the ranges found for As and Hg in some rivers such as reservoirs in Yellow River in China 40 . However, our values are significantly lower concentrations of As and Hg found in the five reservoirs and both areas than those found in the Chilean rivers studied.
Arsenic in fish
For the catfish As was detected in all organs and in both zones except in the effluent of Rapel and Recoleta in high flow and the affluent of Corrales and effluents of La Paloma and Recoleta in low flow, because no samples were collected (Table 1) . Concentrations ranged from 48.0 mgkg -1 dry weight in gills (Rapel effluent) to 0.5 mgkg -1 dry weight in gills (Cogotí effluent). For the silverside As was detected in all organs in both areas, except in the effluent of Rapel in high flow and the affluent of Corrales and effluent of Rapel in low flow, because no samples were collected (Table 1) ; concentrations ranged from 152.6 mgkg -1 dry weight in gills (Corrales effluent) and < LD in muscle (Corrales and La Paloma effluent). 
Mercury in fish
The concentrations of Hg in the catfish were below the detection limit in most reservoirs and zones, except in the affluent of Cogotí and Rapel in the high flow season; Hg was found in all the organs. In low flow seasons Hg was found in the effluent of Cogotí in gills and in the affluent of Rapel affluent in gills and liver, while in the affluent of Recoleta Hg was found only in gills. The concentrations of Hg in the silverside were below the detection limit in most reservoirs and zones, except in the Cogotí affluent in high flow season in gills and muscle and in the affluent of Cogotí in all the organs. In the low flow season Hg was found in liver and muscle in the affluent of Cogotí and Recoleta. The overall concentration of Hg in catfish was higher in the low flow season.
The overall concentration of As and Hg in catfish and silverside was higher in the low flow season, probably due to concentration effect due to the decreasing flow of the reservoirs. Arsenic and mercury have been determined in various fish species in different rivers and oceans [43] [44] [45] [46] . A study in four sites in Argentina found concentrations of As and Hg in muscle of silverside (Odontesthes bonariensis) that ranged from 0.03 to 0.76 mgkg -1 wet weight for As and from 0.03 to 0.42 mgkg -1 wet weight for Hg 47 . In muscle of Chilean the silverside species (Basilichthys microlepidotus) in this study (Tables 7  and 8 ) concentrations of As and Hg were significantly higher in the most of reservoirs and zones than those of O. bonariensis, although the comparison is relative because in our study concentrations of As and Hg in Basilichthys microlepidotus are expressed in dry weight while Odontesthes bonariensis concentrations are expressed in wet weight.
Another study determined As and Hg concentrations in muscle, gill and liver in Labeo victoriamus from Thigithe river (Tanzania) 36 ; in this study As concentration in muscle ranged from 0.25 to 2.5 and Hg ranged from 0.1 to 0.7 mgkg -1 dry weight; in gill As concentration ranged between 1.0 to 5.0 and Hg 0.04 to 0.15 mgkg -1 dry weight; in liver As concentration ranged between 0.1 to 7.8 mgkg -1 dry weight and Hg ˂DL to 0.3 mgkg -1 dry weight. Tables  7 and 8 show that the concentrations of As and Hg we found were higher in the most of reservoirs and zones, indicating that there is bioaccumulation and biomagnification of As and Hg in the organs of fish species studied.
Mollusks, crustaceans and other marine organisms that live in contaminated environments and are a source of human food are known accumulators of heavy metals and metalloids in their tissues. They have the ability to regulate the concentration of the element within the cell and accumulate excess in nontoxic form. This is the case for As, which is usually ingested as a more toxic inorganic chemical species and is converted by the body into arsenosugar or arsenobetaine, one of the most abundant species in aquatic organisms, which are less toxic compounds 48 . The situation of Hg is opposite to that of As; Hg is accumulated in the tissues of fish and bivalves usually as methyl mercury, more toxic, while the source that supplies is usually the less toxic inorganic mercury 49 . Metallothioneins are involved in the homeostasis mechanism of an aquatic organism in which a toxic element participates. One of the most important roles of these proteins is protecting the cell in the presence of a toxic element that penetrates the cell 50 .This very important, because seafood is an effective way to ingest toxic chemicals which can cause adverse effects on human health. Because of this, government authorities in most countries limit the daily intake of metals in food by setting maximum limits. 
Regulation and toxicity
There are no regulations in Chile to control the quality of sediments, so they refer to the standards set by the NWQMS Canada in 2000 51 , which set benchmarks according to the biological effect that pollutants generate in aquatic systems. The criteria to consider a sediment toxic are defined in the sediment quality guidelines (SQG), which provide thresholds to determine if the concentration of any of the metals present in the sediments may involve risk for aquatic organisms and consequently for human health. Threshold effect concentrations (TEC) and their probable effect concentrations (PEC) for sediment levels were reported by MacDonald et al., 2000 . TEC corresponds to the concentration below which no adverse effects are observed on benthic organisms. The PEC intends to identify the contaminant concentrations above which harmful effects on benthic organisms are expected to occur frequently. The levels (mgkg -1 ) established for As are TEC 9.8 and PEC 33, while for Hg they are TEC 0.2 and PEC 1. , so almost all the waters of the reservoirs studied comply with the standard. Hg values should not exceed 0.0010 mgL -1 , so all reservoirs studied comply with this standard.
To assess the public health risk of fish consumption, in this study we compared metal levels in muscle (Tables 7 and 8 ; these values are considered in muscle because it is the consumable part. For comparison to the data mentioned as dry weight, they were converted to wet weight using a factor 0.3; since moisture is usually about 70% in muscle 59 . In this study in reservoirs and zones and for both fish species the Hg concentration detected exceeds the standard, with maximum values of 6.75 and 7.41 µgg -1 wet weight for silverside in affluent of Cogotí and affluent of Rapel, respectively, in high flow season, and 5.58 µgg -1 wet weight in the affluent of Recoleta, while As in most of dams and zones and for both fish species exceeded Commission of the European Communities, FAO/WHO and ANZFA rules with higher values in the low flow season. In this season all the values exceeded 6.0 µgg -1 wet weight.
CONCLUSIONS
The validated analytical method and experimental design with reference material permitted determination of As and Hg in different matrices: sediment, surface water, interstitial water and different tissues of two fish species, obtaining results of analytical quality.
No significant effect of reservoirs and zones in the content of As and Hg was observed. However, Arsenic (As), was found in higher concentrations in the different matrices of the five reservoirs and zones.
According to the As and Hg concentrations found in water it could be used as irrigation water, because they do not exceed Chilean Standard 1333; the concentrations of As and Hg found in sediment would not have a toxic effect on the biota, except for Hg in the affluent of Cogotí Reservoir in the high flow season (0.260 mgkg -1 ) which exceeded the TEC values. The catfish tended to bioaccumulate higher levels of both arsenic and mercury. This is attributed to this species living in the vicinity of the sediment, which is consistent with the values found in the sediment and the interstitial water that were higher than superficial water.
As and Hg concentrations found in muscle of both species exceeded the International Limit for Human Consumption.
